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1 Overview
The nature of the dark energy thought to be causing the accelerating expansion of the Universe is one of the
most compelling questions in all of science. Any of the explanations for the accelerated expansion, whether
a new field, a negative pressure fluid, or a modification to General Relativity will signal new physics and
have a profound effect on our understanding of the Universe. The current observational constraints on dark
energy and modifications to gravity still allow for a large range of models and theoretical explanations. Given
the importance of dark energy, we must attack the problem from a variety of angles, taking advantage of
cross-correlations between and joint analyses of different probes, missions, wavelengths, and surveys, to
enable the most stringent cosmological constraints.
Dark energy has two observational consequences. The first is an accelerated expansion history as encoded in
the redshift-distance relationship. This is indeed the way that dark energy was discovered in the 1990s. Of
the primary observational probes of dark energy, Type Ia Supernovae and the baryonic acoustic oscillations
(BAO) signal in large scale structure are best suited to measure the expansion history of the Universe [1].
The second effect of dark energy is that the growth of large-scale structure is inhibited as the attractive force
of gravity works against the repulsive nature of dark energy. Weak gravitational lensing, galaxy clusters,
and redshift space distortions (RSD) are all well-suited for measuring the growth of structure [2].
The theme of this paper is that combining these probes allows for more accurate (less contaminated by
systematics) and more precise (statistically since there is information in the cross-correlations) measurements
of dark energy. We explore ways in which disparate surveys can significantly enhance our knowledge of dark
energy and our ability to control systematics and other errors. We also present arguments for inter-agency
cooperation to fully empower the community to make use of the data that will be available in the coming
decades.
We present a mix of work in progress and suggestions for future scientific efforts. The paper is organized as
follows. In §2, we describe the general framework of cross-correlation measurements and the basic information
provided by each probe of dark energy. We then (§3) describe the ways in which the multiple dark energy
probes provided by imaging-based (also referred to as “photometric”) dark energy experiments are correlated,
and how these correlations may be profitably exploited. Then, in §4, we explore new opportunities for cross-
correlation studies that are possible when information from spectroscopic and imaging experiments are
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2combined. §5 broadens the horizon to discuss observations at other wavelengths that will help extend the
reach of the optical surveys. A brief discussion of the benefits of joint analysis of data is provided in §6.
2 Cross-Correlations
The canonical attack on dark energy features four independent probes: Type Ia supernovae, weak gravita-
tional lensing, the BAO/RSD signatures in the observed Large-Scale Structure, and galaxy clusters [2, 1].
If the probes were uncorrelated with one another, each could be studied independently with its own set of
systematics; the results of the probes could be combined (after checking for consistency) by multiplying the
individual likelihoods together. Inconsistency in the probes would signal a defect in the model used to fit
the data (assuming systematics had been properly accounted for), whereas consistency and the ensuing joint
likelihood would lead to much tighter constraints on the dark energy parameters than could be delivered
by a single method. In general, each technique will yield its strongest constraints on different degeneracy
directions in parameter space, so that a large range of models will be ruled out by one measurement or
another, yielding tight limits in combination. An example of the power of combining results in this way can
be seen in Figure 6, discussed below.
Treating all likelihoods from each method as independent is appropriate only if the probes are not correlated
with one another. The reality is different, largely because all the major probes are affected by the
distribution of matter in the regions studied. This effect is weakest for Type Ia supernovae, whose
apparent brightness will be affected by gravitational lensing by matter along the line of sight at a modest
level. For other probes, this dependence is more fundamental. Each probe either relies on using galaxies as
a direct tracer of mass in the universe (for BAO, large-scale-structure power spectrum measurements, and
galaxy clusters), or else measures the gravitational impact of matter and uses that to constrain cosmological
models (for weak lensing and RSD).
As a result, the values of cosmological observables obtained via different methods from the same region of
sky will exhibit covariance; for instance, in an area where the density of galaxies is high at some redshift, the
distortion of background objects by gravitational lensing will also be greater. In general, we can measure the
degree of covariance between a cosmological observable at one location and a second observable at a different
location, as a function of the separation between those positions: these cross-correlation functions can
provide information not given by each observable on its own.
This language originates in studies of large-scale structure, where measurements of the two-point cross-
correlation function (the excess probability of finding an object in one class at a given separation from an
object in a second class, compared to random distributions) have been used to study the relationship of
different populations of galaxies to the underlying dark matter distribution. On sufficiently large scales,
the two-point correlation statistics (the power spectrum or correlation function) used to measure clustering
should be related to the corresponding statistic for the underlying matter distribution via a constant “bias”
parameter that describes the relative overdensities of galaxies compared to dark matter; cross-correlations
between probes can be critical for determining the strength of the bias.
Cross-correlation measurements can be used to recover information that each probe misses on its own. For
instance, understanding the nature of the large-scale structure bias is key for many cosmological applications
of large-scale structure (particularly power-spectrum measurements and RSD – the impact on BAO is
minimal), since theories make clean predictions only for the statistics of the matter distribution, but we
observe the clustering of visible objects. Weak gravitational lensing measurements can help by constraining
weighted integrals of the clustering of dark matter. The combination of information on the observed clustering
of galaxies, the integrated weak lensing signal, and the cross-correlation between the two can break the
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degeneracy between bias and dark matter clustering in the linear regime to provide strong constraints on
the growth of structure.
In turn, while the strength of weak lensing depends on the clustering of dark matter, the observed signal
is difficult to interpret without information on the redshifts of the sources of the lensing effect as well as
of background objects. Cross-correlations between the lensing signal and the positions of galaxies whose
redshifts are measured in the course of large-scale-structure studies can break degeneracies and allow more
powerful constraints than from lensing alone.
The use of galaxy clusters as a probe of dark energy benefits from lensing measurements – which can enable
direct measurement of average masses of clusters selected based on other properties – as well as large-scale-
structure measurements, as determination of the bias of clusters by cross-correlation with other populations
can provide another constraint on mass with different weighting [3]. Lensing magnification effects on Type
Ia Supernovae are subtle, but knowledge of which lines of sight should have more or less lensing allows them
to be measured more readily, mitigating their impact on supernova cosmology studies.
In the sections following, we consider a few of the most important applications of cross-correlations and
synergies between multiple probes in more detail.
3 Photometric Experiments
Large photometric (imaging-based) experiments are a key ingredient in the assault on dark energy [4]. Data
from these projects will be used to provide multiple, complementary constraints on dark energy. They
will also be used to select targets for spectroscopic experiments. As described above, the combination of
likelihood information from multiple probes can yield stronger constraints than any single method on its own;
cross-correlations will increase the constraining power of these experiments further. In this section, we will
first quickly summarize the information provided by these experiments, and then focus on two examples of
how analyses that incorporate cross-probe information and methods can be used to constrain dark energy: by
measuring cross-correlations between probes directly, as in galaxy-galaxy lensing, or by using the observables
needed for the standard probes in new ways, as with lensing magnification.
3.1 Imaging-based probes of dark energy
As exemplified surveys such as the Sloan Digital Sky Survey (SDSS), wide, pan-chromatic photometric
surveys can enable a wide variety of probes of cosmology [1, 2]. For instance, the apparent brightnesses
of Type Ia supernovae depends on their distance from us, which is determined by the parameters of the
cosmological model; these supernovae are found by finding objects that newly appear in repeated images
of an area of sky. The strength of weak gravitational lensing – the apparent distortion of the shapes of
background objects due to the aggregate effect of mass in the foreground – depends on the distances to the
lensing and background objects as well as the growth rate of overdensities in the universe, as that determines
the amount of mass doing the lensing. These distortions may only be measured via imaging.
The apparent abundance of clusters of galaxies – the most massive virialized objects in the Universe –
depends weakly on distance, but strongly on the growth rate of overdensities, as such objects are rare
if matter accretes slowly; images allow clusters to be identified and their masses (via weak lensing) and
redshifts to be estimated. Finally, the observed clustering of the general populations of galaxies can provide
information on both the growth rate (which affects the intensity of clustering) and neutrino masses (as
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4sufficiently massive neutrinos will distort the observed pattern of clustering); while the BAO feature in the
observed clustering pattern enables measurements of distance as a function of redshift via the “standard
ruler” method.
It is desirable to measure both the expansion history of the Universe via distance measurements, as well as
the growth rate of overdensities via one of a variety of the methods discussed, as the combination allows
a test of whether the acceleration of the Universe’s expansion may be due to deviations from General
Relativity. In general, both the new-generation (“Stage III”) Dark Energy Survey (DES) and Subaru
HyperSuprimeCam (HSC) surveys beginning in 2013, as well as the next-generation (“Stage IV”) Large
Synoptic Survey Telescope (LSST) and planned space-based experiments like Euclid and The Wide Field
Infrared Survey Telescope using the 2.4m Astrophysics Focused Telescope Asset (WFIRST-AFTA) will
employ as many of these probes as possible, since a single telescope and instrument can be used to apply all
of them simultaneously.
3.2 Exploiting Correlations Between Probes
One example of a cross-correlation analysis made possible by imaging dark energy experiments is to take
advantage of the very tight connection between gravitational lensing and large scale structure [5]. Consider
a map of the galaxy density, with the fractional over- or under-density as a function of position on the sky
denoted as δg(~θ). We can combine this with information from maps of the distortion of galaxy shapes, which
are measured for weak lensing analyses. The distorted shapes carry information about the convergence κ(~θ),
where
κ(~θ) =
∫ zs
0
dzW (DA(z)) δ
(
DA(z)~θ; z
)
. (1)
Here the integral is out to the redshift of the source galaxies, those whose shapes are used to construct
the κ map; W (z) is a window function that depends on the redshift-distance relationship; δ is the over-
density of matter (as opposed to δg, which is a biased tracer of the matter field); and DA(z) is the angular
diameter distance out to redshift z. A map of galaxy shapes determined from an imaging experiment can
be transformed into a κ map, which then encodes information about both the evolution of structure (δ(z))
and the all-important redshift-distance relation, DA(z).
What are the advantages of combining the lensing map with the galaxy over-density map? Consider first the
situation if the δg map is restricted to nearby galaxies (say in a foreground redshift bin, e.g., 0.3 < z < 0.5)
and the κ map is generated from distant galaxies (say in a background bin, e.g., 0.8 < z < 1.0); then
〈δgfgκbg〉 = ξgal−gal 6= 0. (2)
Far from being independent, the two maps are highly correlated, since it is precisely the over-densities
associated with the foreground galaxies that distort the shapes of the background galaxies. This phenomenon
was first detected over fifteen years ago [6] and is generally referred to as galaxy-galaxy lensing. The cross-
correlation between the two maps, ξgal−gal, contains information on the mass of the foreground lenses and
more generally about the distribution of matter in the foreground redshift bin. The resulting information
on the clustering bias of foreground populations is precious: throwing it away by only treating the lensing
information separately from the galaxy position information would waste valuable evidence about cosmic
structure and yield weaker constraints on dark energy models.
The lensing map is correlated with maps of galaxy densities in more ways than this. Cross-correlating the
observed background galaxy density with either the foreground or background shear map leads to
〈δbgκ〉 = ξmag; (3)
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again the two fields are correlated, this time because κ affects the flux arriving from the background galaxies.
This effect of magnification is rapidly emerging as a powerful tool, complementing the more traditional
shape measurements; the next subsection highlights some of the recent developments and the potential of
magnification.
The improved constraints on cosmological models obtained from combining lensing and large-scale-structure
measurements were assessed by [7], who find that lensing analyses yield ∼ 20% smaller errors on dark
energy parameters when all of the cross-correlations between lensing convergence and large-scale-structure
measurements are included. In particular, they include measurements of the power spectrum of galaxies for
a series of redshift bins; measurements of the power spectrum of the lensing convergence for those redshift
bins; and the cross-power between the two. Essentially, incorporating cross-correlations into analyses has
the same effect on errors as covering a 50% larger sky area, but can be done at no additional cost in survey
time.
Lensing and large scale structure are not the only dark energy probes that are correlated with one another.
For instance, weak lensing measurements provide a key method for obtaining mass estimates for galaxy
clusters. The use of clusters to constrain the growth of structure relies on the fact that the abundance of
very massive clusters is exponentially sensitive to the amplitude of matter density fluctuations at a given
epoch (often parameterized by σ8, the RMS of the density fluctuations on a scale of 8h
−1 Mpc where h
indicates the Hubble constant in units of 100 km s−1 Mpc−1). To exploit this sensitivity, we need to count
the number of clusters above a given mass threshold or as a function of mass; without accurate calibration
of the mass scale, this observable cannot be connected to predictions from theory. Estimates of masses from
weak lensing have therefore proven key to the use of clusters for dark energy analyses. Beyond this, though,
the convergence (κ) maps generated in a lensing survey are necessarily correlated with observed cluster
abundances, as the mass in the clusters is a major source of the deflections measured in lensing. Thus,
treating results from the two probes as statistically independent is incorrect. Under certain circumstances
the correlations can actually increase the constraining power of imaging experiments [8, 9].
The development of algorithms that combine information from cluster samples, large-scale-structure mea-
surements, and weak gravitational lensing that yield as much information as possible about dark energy
while simultaneously minimizing the effects of systematics is currently an active area of research [10, 11, 12].
As an example, [12] advocates measuring the large scale clustering of a set of galaxies in a given redshift
bin, and to then use galaxy-galaxy lensing on small scales to infer the masses of the halos hosting these
galaxies. The resulting mass estimates can be used to predict the large-scale-structure bias factor, which
may then be used to map the distribution of galaxies into the distribution of dark matter (which is what
theoretical models and simulations generally predict). The resulting mass map can be used to infer the
amplitude of dark matter inhomogeneities at large scales, generally described by the parameter σ8. Carrying
out this program in a variety of redshift bins would lead to measures of σ8 as a function of redshift; i.e., a
measurement of the growth of large-scale-structure to help distinguish between dark energy and modified
gravity. Many ideas for combining these probes in various combinations are beginning to be implemented
for Stage III surveys such as DES and HSC.
The fourth major probe of dark energy, supernovae, also exhibit correlations with the others. Supernovae
may be lensed by the intervening matter inhomogeneities, so their apparent brightnesses – the property used
as a distance indicator – exhibit greater variance than would be expected from the the intrinsic variation in
supernova properties. Several groups [13, 14] have proposed utilizing this excess “noise” as a tool to infer
the clustering amplitude, yielding a measurement of σ8.
The overwhelming message from all of this work is that the four canonical dark energy probes are highly
correlated with one another; these correlations must be accounted for to obtain accurate constraints on dark
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6energy. In many cases, the correlations can in fact serve to augment the information carried by each of the
probes individually, and yield stronger constraints and increased robustness to systematic effects as a result.
3.3 Magnification
Synergies between cosmological probes go beyond the use of direct cross-correlations. In the case of lensing
magnification – the increase in size and flux of sources behind over-dense regions – the same types of quantities
that are measured for standard dark energy probes, namely the apparent clustering on the sky of galaxies
and measurements of their shapes, can be employed to constrain dark energy in new ways.
Galaxies that happen to lie behind over-dense regions appear to us as brighter and larger than they otherwise
would. The fundamental problem in detecting this effect is that their unlensed sizes and fluxes are not
known a priori. If all galaxies were the same size or brightness, or even if they were drawn from a Gaussian
distribution with finite width, detecting magnification would be straightforward. In reality, the distributions
are closer to power laws; the distribution of brightnesses of galaxies magnified by a high-density region will
follow an identical power law, and galaxies that would otherwise be too faint/small would now be included
in observed samples. More generally, the effect of lensing magnification on brightnesses will be a shift in the
average magnitudes (or log fluxes) of objects from one location to another,
δmobs = Csδm, (4)
where δmobs is the observed effect on the population of interest while δm is the magnitude offset that
individual objects undergo. The proportionality constant Cs ranges from Cs = 0 for a power-law distribution
(in which case the overall brightening of the detected sources is exactly compensated by the inclusion of
new, fainter sources) to Cs = 1 for a delta-function distribution in which case brightening information can
be extracted on an object basis. For more details, see [15].
Since CS is small for typical galaxy samples, the majority of magnification studies have focused on number
density changes rather than changes in brightness or size. If a given patch of the sky is affected by a
magnification fluctuation, the apparent density of a sample of objects in that patch will be changed, due to
objects that are normally fainter than the flux limit of the sample but are brightened above it and due to
the fact that the angular area covered by the objects is changed. The first robust detection of this effect
around galaxies was obtained by [16] with the SDSS, with signal measurable at up to Mpc scales. This
signal is detectable with the same statistics used for large-scale-structure studies; it essentially manifests as
a cross-correlation between foreground galaxies and background objects, as well as increasing correlations in
the apparent density of the background objects.
Recently, various studies have demonstrated that magnification can also be detected by measuring correlated
changes in luminosity and size. [15] used quasars (which are useless for shape-based weak lensing studies, as
the emission region is unresolved) and measured the brightness change induced by foreground galaxies (see
Figure 1. [17, 18] selected a sample of galaxies designed to allow extraction of a magnification signal from
both their brightness and size distributions, while [19] introduced a new method to estimate mean brightness
changes with respect to a “photometric fundamental plane” relation for red sequence galaxies, exploiting
the same sorts of magnitude and size information which must be measured for weak lensing studies. These
papers demonstrate that a careful selection of background sources can greatly improve the sensitivity of
magnification estimators; essentially, the goal is to select objects for which CS → 1.
In contrast to shape-based weak lensing measurements, correlation-based magnification studies are not
limited to resolved objects, and as a result can in principle make use of all sources observed in a given
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Magnification and dust reddening 1033
Figure 7. The mean surface density of galaxies (with i < 21) measured through the magnification of background quasars and corrected for dust extinction
(blue points). In comparison, we show the mean surface density of a sample of ∼L! galaxies at z ∼ 0.1 obtained from the gravitational shear of background
galaxies from Sheldon et al. (2004). Non-linear magnification effects have not been included and result in an overestimation of the mass on the smallest scales.
4.3.1 Comparison with shear measurements
So far the galaxy–mass cross-correlation has mostly been accessible
through galaxy–galaxy lensing measurements which estimate the
mean tangential shear of background galaxies for a given sample of
foreground lenses (e.g. Hoekstra et al. 2002; Sheldon et al. 2004;
Mandelbaum et al. 2005a; Leauthaud et al. 2007). The tangential
shear (γt) azimuthally averaged over a thin annulus at projected
radius R from a lens galaxy is directly related to the projected
surface mass density of the lens within the aperture,
γt = #$(R)
$crit
, (36)
where
#$(R) = ¯$(< R)−$(R) , (37)
¯$(< R) is the mean surface density within radius R, and $(R)
is the azimuthally averaged surface density at radius R (Miralda-
Escude 1991; Fahlman et al. 1994). Therefore, shear measurements
constrain #$ whereas magnification is a direct estimate of $.
In order to compare magnification and shear measurements, we
note that, in the case of power-law mass profiles with $(rp) ∝ r−αp ,
#$(rp) = α2− α $(rp) . (38)
The two observables $ and #$ are equivalent for isothermal
profiles. For an angular dependence following r−0.8p , we have
#$ = $ × f with f % 0.66. This value goes down to
0.54 for an index of −0.7. Using galaxy–galaxy measurements
based on the SDSS, Sheldon et al. (2004) found #$(R) =
A′ (rp/1 h−1 Mpc)−α′ with A′ = (3.8 ± 0.4)hM' pc−2 and α′ =
0.76± 0.05 for a sample of spectroscopically identified lenses with
〈z〉 % 0.1 and 〈L〉 % L!. Considering for simplicity a slope of
−0.8 (consistent with their constraint), their results translate into
$(R) = (5.7 ± 0.6) (rp/1h−1Mpc)−0.8 hM' pc−2. Their scaled-
measurements (using equation 38) are shown in Fig. 7. Under these
assumptions, the magnification and shear estimators appear to be in
very good agreement. A more accurate comparison between the two
would require accounting for the differing luminosity distributions
between the two lensing samples as well possible redshift evolution
(our lenses comprising most of the sources for the shear-based esti-
mators). However, it illustrates that both methods offer comparable
degree of measurement precision and dynamic range while affected
by significantly different systematic effects.
5 IM P L I C AT I O N S
Our detection of the change in apparent brightness of distant quasars
has allowed us to quantify the magnification and reddening of
background sources as their light rays pass in the vicinity of fore-
ground galaxies. While the amplitude of gravitational lensing effects
has been known both from theory (Bartelmann 1995; Me´nard &
Bartelmann 2002; Jain et al. 2003) and observations (Scranton et al.
2005), the expected amplitude of dust reddening and extinction
effects was largely unexplored. Our study has shown that, in the
visible bands, dust extinction occurs at a level comparable to that
of the observed brightening due to magnification. Hence, studies
aimed at predicting observable brightness changes of background
sources (quasars, galaxies, supernovae, etc.), which include only
gravitational lensing effects, are incomplete. In the visible range,
dust extinction effects cannot be neglected and must be included
alongside with magnification to properly account for the effects of
passing through large-scale structure.
Below we will assume the dust in galactic haloes to be described
by Small Magellanic Cloud (SMC)-type dust. This choice is moti-
vated by a number of results. (i) Certain low-ionization absorbers
such as Mg II are known to inhabit the halo of ∼L! galaxies. They
are found on scales reaching up to about 100 h−1 kpc around galax-
ies (Zibetti et al. 2007). The extinction properties and dust content
of such absorbers have been studied by several authors (Khare et al.
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Figure 1. The mean surface density of galaxies (with i < 21) measured through the magnification of
background quasars [15] compared to the mean surface density of a sample of ∼ L? galaxies at z ∼ 0.1
obtained from the gravitational shear of background galaxies from [20]
survey, not just those large enough to measure shapes for. This has its largest impact for faint objects at
higher redshifts, which tend to be small in size. Since magnification (especially those dealing only with fluxes
and positions but not size) and shape measurements are affected by different types of systematics, using both
of these estimators allows us to test and validate the robustness of weak lensing-based inferences. The full
potential of magnification measurements is only beginning to be explored.
4 Spec roscopic Experiments
Upcoming spectroscopic surveys will not only enable exciting new probes of dark energy, but also help extend
the reach of the large photometric surveys they complement. After first outlining the principal dark energy
constraints coming from these surveys, we then highlight two ways in which they empower their photometric
cousins.
4.1 BAO and RSD
Upcoming spectroscopic surveys, such as the Dark Energy Spect oscopic Instrument (DESI), the Subaru
Prime Focus Spectrograph (PFS), Euclid, and WFIRST-AFTA are optimized to ext nd t e Baryo Ac usti
Oscillation (BAO) probe to 3 dimensions and allow for a new large scale structure probe, that of Redshift
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8Space Distortions (RSD). The velocities of distant galaxies are due not only to the Hubble expansion but also
to the local gravitational forces. Therefore, when redshift is used as a distance indicator, the true position
of a galaxy is mis-estimated (e.g., a galaxy on our side of a large potential well will be traveling faster away
from us than the Hubble flow, and therefore we will assign it a distance farther than it actually is). These
mis-estimates lead to quantifiable distortions in the two-point statistics of large scale structure. Careful
study of the distortions sheds light on the cosmic velocity field which, via the continuity equation, is related
to the growth of perturbations. Therefore RSD are yet another tool that can be used to infer the growth of
structure. Related papers contain projections for how well BAO and RSD will constrain dark energy [1] and
neutrino properties [21].
4.2 Cross-correlations between Redshift-Space Distortions and Lensing
Redshift space distortions on their own are projected to be powerful probes of the growth of structure, but
there is the possibility that cross-correlating them with lensing information (from photometric surveys) will
lead to even more powerful probes. A number of studies [22, 23, 24, 25, 26, 27, 28] have been carried out
as to how effective this cross-correlation will be, but these have not yet converged, so the full effect is yet
to be determined. Some studies find that overlapping surveys in the same area of sky leads to substantial
gains over independent surveys of the same size, but other studies find only modest gains from sky overlap,
largely because the predicted gain simply from combining the complementary information on the Universe
provided by each probe is so great.
Here we mention just one possibility that has already been implemented with data from the Sloan Digital
Sky Survey. Modified gravity models typically yield a modified Poisson equation relating the gravitational
potential Φ to matter over-density δ:
∇2Φ = −4piGeff ρ¯δ (5)
where Geff is equal to Newton’s constant in dark energy models based on general relativity, but deviates
from GN otherwise. These deviations are model-dependent but generically can depend on space and time.
Lensing probes the gravitational potential (the left hand side of Eq. (5)), while redshift space distortions
probe the over-densities on the right-hand side. Therefore, by combining the two sets of observations, the
value of Geff can be determined [29]. In 2010, a team of astronomers carried the first such measurement
using lensing data and spectroscopic data from the SDSS [30]. Upcoming surveys will greatly increase the
constraining power of this test.
4.3 Photometric Redshift Calibration
One of the key areas of synergy between photometric and spectroscopic dark energy experiments will be in
the area of photometric redshift calibration. Redshift information is critical for dark energy experiments, as
they all rely on determining the evolution of some quantity as a function of cosmic time (for which redshift is
a proxy). Distances, the growth rate of dark matter fluctuations, and the expansion rate of the Universe are
all functions of redshift that can be readily calculated given a cosmological model; dark energy experiments
then constrain cosmological parameters by constraining one or more of these functions.
Being able to infer redshift information from imaging alone is vital. In order not to be limited by either
Poisson or “sample” (a.k.a. “cosmic”) variance, the excess variance above Poisson due to the large-scale
clustering of matter, most dark energy experiments study very large numbers of objects (e.g. > 4 × 109
galaxies for the LSST) over as large an area of sky as possible. It is currently infeasible to obtain redshifts via
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spectroscopy for so large a number of galaxies, so widely distributed; the highest-multiplexing spectrographs
planned can survey ∼ 5000 objects at a time over a limited field of view, and require long exposure times to
obtain redshifts for faint objects.
As a result, in the last 15 years, there have been considerable advances in determining photometric redshifts;
i.e., estimates of the redshift (or the probability distribution of possible redshifts) for an object based only on
imaging information, rather than spectroscopy [31, 32]. Effectively, multi-band imaging provides a very low-
resolution spectrum of an object, which can be used to determine the redshift, z. A wide variety of algorithms
have been developed, broadly divided into those that depend upon having a statistically complete training
set of exemplar objects (exploiting advances in the field of machine learning) and those that rely on fitting
models of template galaxy spectra to the observed data (see, e.g., [33]).
A separate white paper [34] presents estimates of the size and nature of spectroscopic samples required for
designing and training photometric redshift algorithms for future experiments such as LSST. If sufficiently
complete spectroscopy could be obtained, this would serve the goal of calibration, but if there is no major
change from past experience, new techniques (such as those described below) will be necessary.
Problems with the standard methods
Uncertainties in photo-z’s are much greater than for spectroscopic redshifts; the best photometric redshifts
(using > 10 filter passbands) have attained RMS errors σz ≈ 0.007(1+z) for the very brightest, highest signal-
to-noise objects, while in more typical cases 0.05(1+z) errors may be attained via 5-6 bands of deep imaging.
Of greater concern, non-Gaussian, catastrophic (e.g. δz = (|zphot− ztrue|) > 0.1(1 + z)) photometric redshift
errors occur with frequencies from 1 to 10% or more. These errors can either occur because of problems in
photometry (e.g., galaxies may overlap with each other on the sky, yielding contaminated colors for each) or
due to degeneracies in photometric redshift determination (e.g., many galaxy spectra exhibit jumps at both
the ‘Lyman break’ at 912A˚and the ‘Balmer break’ at 4000A˚; if one break is confused for the other, a wildly
inaccurate photo-z results).
Because of these difficulties, dark energy experiments are unlikely to ever treat individual photometric
redshifts as known with precision. Instead, we divide objects into redshift bins based upon their photo-z
(e.g., [35]). However, in order to obtain precision measurements of the properties of dark energy, the true
redshift distribution of the objects in each bin must be known with very high accuracy. For LSST, it is
estimated that the mean redshift in each bin must be known to ∼ 2×10−3(1+z) for dark energy constraints
not to be substantially degraded [36, 37, 38, 39]. The true width of each redshift bin must also be known,
though with somewhat less precision (δσz < 3 × 10−3(1 + z) for LSST, where σz is the Gaussian sigma of
the true redshift distribution).
These targets will be extremely difficult to meet with standard photometric redshift calibration techniques.
Both training-set and template-based methods ultimately depend on mapping out the relationship between
galaxy colors and redshift by using some set of galaxies with both spectroscopic redshifts and photometric
measurements as calibrators. However, even Stage III dark energy probes include objects too faint to obtain
spectroscopic redshifts for en masse; for instance, DES [40] extends to objects 4× fainter than those for which
redshifts may be obtained with ∼ 70% success rates at the Keck Telescopes, the largest optical telescopes in
the world useful for conventional multi-object spectroscopy, in one hour of observing time. Stage IV projects
such as LSST, Euclid, and the Wide Field Infrared Survey-Astrophysics Focused Telescope Asset (WFIRST-
AFTA) ([35]) may reach roughly 10× fainter than this limit; at least one hundred hours observation time
on existing facilities would be required to obtain spectroscopic redshifts for such galaxies. Even a telescope
with a 30m diameter mirror (such as the proposed TMT) would require > 10 hours to obtain redshifts to
the LSST or WFIRST-AFTA limit; furthermore, TMT would have a relatively small field of view, and hence
take an incredible amount of time to cover the sky area of even a Stage III probe.
Community Planning Study: Snowmass 2013
10
A greater difficulty is posed by the systematic failure of faint galaxy surveys to obtain redshifts for a
substantial fraction of their targets. The DEEP2 Galaxy Redshift Survey, VIMOS-VLT Deep Survey, and
zCOSMOS survey, for instance, obtained secure (> 95% confidence) redshift measurements for 40% - 75%
of galaxy targets [41], [42], [43] at depths of i ∼ 22.5− 23; DES will utilize objects ≤ 3× fainter than this for
cosmology measurements, and LSST will go ∼ 10× fainter. If more stringent, > 99% confidence redshifts
are required to limit systematics (as found by [44]), success rates for these surveys drop to ∼ 20% - 60%.
This would not be an issue if the galaxies that fail to yield redshifts are a random subset, but instead failure
rates depend on galaxy properties ([43]).
Cross-correlation techniques
In the past few years [45], a new technique for calibrating photometric redshifts has emerged. The key idea
is to use the fact that galaxies tend to cluster around one another. For typical populations, the probability
of finding one galaxy near another galaxy is twice the expected value if there were no clustering for pairs
separated by ∼ 4h−1 Mpc, but only 5% higher than random for pairs separated by ∼ 20h−1 Mpc. Various
populations of galaxies all cluster together both because individual dark matter halos tend to host multiple
galaxies, and because the dark matter halos themselves cluster together.
Because galaxies cluster together over only relatively small distances, any observed clustering between a
photometric sample and galaxies at some known redshift zs arises from galaxies in the photometric sample
that have redshifts near zs. Therefore, by measuring the angular cross-correlation function (the excess
number of objects in one class near an object of another class on the sky, as a function of separation)
between a photometric sample and a spectroscopic sample as a function of the known spectroscopic zs, we
can recover information about the redshift distribution of the photometric sample (hereafter denoted by
p(z)).
As described in [45], these methods can determine the redshift distribution for any photometric sample
using spectroscopy of any set of galaxies (or any other tracer of large-scale structure, e.g. quasar absorption
systems), so long as spectroscopic samples span the redshift range of the photometric objects. Even if
spectroscopic surveys succeed only in measuring redshifts for relatively bright objects at a given z, and
even then in a biased or incomplete fashion - the most likely scenario given past experience - this new
technique can still measure the bias and uncertainty in photometric redshifts with the accuracy required for
next-generation experiments like WFIRST-AFTA and LSST with feasible amounts of spectroscopy.
If we measure only this cross-correlation, the redshift distribution will be degenerate with the strength of
the intrinsic, three-dimensional clustering between the two samples. However, the two-point autocorrelation
functions (the Fourier transform of the power spectrum commonly used in studies of the cosmic microwave
background) of the photometric and spectroscopic samples - some of the most basic measurements that are
generally made from galaxy surveys - provide sufficient information to break that degeneracy. Further care
must be taken to account for magnification bias, which can be a contaminant in cross correlation photo-z
tests[34].
Recently, Refs. [46, 47] have applied cross-correlation methods to both simulations and real data with
considerable success, demonstrating that redshift distributions may be recovered for photometrically-selected
samples using very different tracers of large-scale structure with consistent results. Rahman et al. (in prep)
are now using clustering-based redshift distribution estimates based on these methods to assess photometric
redshift algorithms applied to SDSS data. The results, illustrated in Figure 2, are quite encouraging. These
cross-correlation-based methods are able to reveal all the intrinsic degeneracies affecting photometric redshift
estimation. By revealing regions of parameter space that possess significant populations of catastrophic
outliers, this new technique can allow us to use only the remaining clean regions for dark energy studies.
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The work of Ref. [48] has demonstrated that the constraining power of these methods may be improved
further - by up to a factor of ten - by utilizing optimal estimators in power spectrum space.
A variety of estimates [45], [49], [48],[28] have found that cross-correlation techniques can yield calibration
with sufficient accuracy for LSST dark energy science given a sample of 100,000 objects with spectroscopic
redshifts, spanning an area of 100 square degrees, assuming that the redshift coverage of the spectroscopic
sample is sufficient. The combined sample from the SDSS, BOSS, and DESI surveys would far exceed these
requirements over the full redshift range relevant for LSST (eBOSS should provide a sufficient sample for
LSST calibration, which should be available much sooner than DESI, but with less margin for error than
the latter project). Even though these surveys have focused on the Northern sky, they will have more
than sufficient overlap with the LSST area. A number of authors have suggested incorporating additional
observables (e.g., information from gravitational lensing, cf. [50]) that can help to constrain intrinsic galaxy
clustering; this should only strengthen the resulting constraints.
Figure 2. Clustering-based reconstructed redshift distributions as a function of best-fit photometric
redshift for SDSS galaxies selected with r < 21. The left panel shows the full range of dN/dz values
and shows a good agreement between the two estimators. The right panel shows the same data with a
different color scheme to highlight the outliers, revealing various features due to intrinsic degeneracies of
photometric redshifts. The horizontal features show the effect of emission lines located close to the edge of
the response curve of various filters. Adapted from Rahman, Me´nard et al. (in prep).
5 Data from Other Wavelengths
Dark energy was discovered in optical surveys, and these continue to play the leading role in determining
its properties, but observations at other wavelengths are becoming increasingly important as we strive for
greater precision and control over systematics. Observing in the near infrared (rather than the optical) is
enabled by putting a telescope in space and has a number of advantages over optical observations alone
[51, 52]. Two other key examples are cosmic microwave background (CMB) experiments and X-ray surveys.
While the CMB is most sensitive to physics at the last scattering surface at redshift z∗ = 1100, secondary
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anisotropies due to interactions and lensing along the line of sight have now been detected at very high
significance. The importance of these secondary anisotropies for dark energy studies is only beginning to
be explored, but early indications are tantalizing. X-ray observations of clusters have a longer history, and
have proven important in constraining properties of galaxy clusters; measurements of the Sunyaev-Zel’dovich
effect via CMB experiments provides further constraints on cluster properties.
5.1 Cross-Correlations with CMB Experiments
Maps of the cosmic microwave background temperature and polarization will exhibit significant cross-
correlations with the observed density of galaxies and the lensing signals from optical surveys for multiple
reasons; each provides additional information that can be used to constrain cosmology. First, once dark
energy becomes significant, CMB photons passing through foreground matter overdensities will gain energy,
as the potential well they fall into becomes less shallow by the time they leave; the resulting increase of
CMB temperature behind overdensities is referred to as the Integrated Sachs-Wolfe (or ISW) Effect. This
effect will cause CMB temperature to exhibit cross-correlations with maps of foreground galaxy density; this
effect has now been detected for a variety of foreground galaxy samples (cf. [53] and references therein), and
provides an independent line of evidence for the existence of dark energy. A second source of correlations is
the Sunyaev-Zel’dovich (SZ) effect, the result of the inverse Compton scattering in energy of CMB photons
that pass through galaxy clusters; it will be discussed further in the next subsection.
The most promising source of cross-correlations is gravitational lensing of the cosmic microwave background.
One of the most exciting recent discoveries in cosmology was the first 4-σ detection [54] by the Atacama
Cosmology Telescope of the lensing of the cosmic microwave background (CMB), followed soon thereafter
by a 7-σ detection [55] by the South Pole Telescope and most recently a 26-σ detection in all-sky data from
the Planck satellite [56]. CMB maps provide estimates of κ as defined in Eq. (1), with the source redshift
equal to the redshift of last scattering z∗ = 1100. Most of the lensing signal comes from mass at redshifts
1−5, offering an unprecedented view of structure in the Universe at redshifts beyond those currently probed
by galaxy surveys.
The CMB lensing signal should exhibit cross-correlations with both foreground galaxy density maps (as they
trace the matter causing the lensing) and with weak lensing and magnification maps that use objects at
intermediate redshifts as sources (as some of the mass lensing the CMB will also be between us and those
source galaxies). In fact, the weakest CMB lensing signals have been detected by cross-correlations with
foreground galaxy populations [57]; see Figure 3. These cross-correlations are only beginning to be explored;
the full synergies between CMB κ measurements and planned dark energy experiments are not yet known.
Applications to dark energy studies include the overlap of DES and the South Pole Telescope (SPT), or HSC
and ACTPol as another example, to aid in determining the clustering bias of galaxies and the power of CMB
lensing to constrain early dark energy models (described more fully in §5.2).
The Dark Energy Survey will survey regions of the sky optically that have already been surveyed in the
microwave by SPT. A simple example of how the cross-correlation of the CMB lensing map with the lensing
maps from DES will aid in constraining cosmological parameters is depicted in Fig. 4 [58, 59]. The dotted
lines show that DES alone will be able to constrain the cosmological parameters fairly tightly; adding in the
CMB data though will significantly improve on these constraints.
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FIG. 2: (Black, center bars): Cross-correlation of the lens-
ing B modes measured by SPTpol at 150GHz with lensing B
modes inferred from CIB fluctuations measured by Herschel
and E modes measured by SPTpol at 150GHz; as shown in
Fig. 1. (Green, left-offset bars): Same as black, but using E
modes measured at 95GHz, testing both foreground contam-
ination and instrumental systematics. (Orange, right-offset
bars): Same as black, but with B modes obtained using the
χB procedure described in the text rather than our fiducial
Wiener filter. (Gray bars): Curl-mode null test as described
in the text. (Dashed black curve): Lensing B-mode power
spectrum in the fiducial cosmological model.
We determine the uncertainty and normalization of the
cross-spectrum estimate using an ensemble of simulated,
lensed CMB+noise maps and simulated Herschel maps.
We obtain comparable uncertainties if we replace any of
the three fields involved in this procedure with observed
data rather than a simulation, and the normalization we
determine for each bin is within 15% of an analytical
prediction based on approximating the Wiener filtering
procedure as diagonal in Fourier space.
In addition to the cross-correlation Eφ×B, it is also
interesting to take a “lensing perspective” and rear-
range the fields to measure the correlation EB×φ. In
this approach, we perform a quadratic “EB” lens re-
construction [13] to estimate the lensing potential φˆEB ,
which we then cross-correlate with CIB fluctuations. The
observed cross-spectrum can be compared to previous
temperature-based lens reconstruction results [22, 26].
This cross-correlation is plotted in Fig. 3. Again, the
shape of the cross-correlation which we observe is in good
agreement with the fiducial model, with a χ2/dof of 2.2/4
and a PTE of 70%.
Both the Eφ×B and EB×φ cross-spectra discussed
above are probing the three-point correlation function
(or bispectrum) between E, B, and φ that is induced by
lensing. We assess the overall significance of the measure-
ment by constructing a minimum-variance estimator for
the amplitude Aˆ of this bispectrum, normalized to have
FIG. 3: “Lensing view” of the EBφ correlation plotted in
Fig. 2, in which we cross-correlate an EB lens reconstruc-
tion from SPTpol data with CIB intensity fluctuations mea-
sured by Herschel. Left green, center black, and right or-
ange bars are as described in Fig. 2. Previous analyses using
temperature-based lens reconstruction from Planck [26] and
SPT-SZ [22] are shown with boxes. The results of [26] are at
a nominal wavelength of 550µm, which we scale to 500µm
with a factor of 1.22 [37]. The dashed black curve gives our
fiducial model for CCIB-φl as described in the text.
a value of unity for the fiducial cosmology+CIB model
(analogous to the analyses of [38, 39] for the TTφ bis-
pectrum). This estimator can be written as a weighted
sum over either of the two cross-spectra already dis-
cussed. Use of Aˆ removes an arbitrary choice between
the “lensing” or “B-mode” perspectives, as both are sim-
ply collapsed faces of the EBφ bispectrum. Relative to
our fiducial model, we measure a bispectrum amplitude
Aˆ = 1.092± 0.141, non-zero at approximately 7.7σ.
We have tested that this result is insensitive to analy-
sis choices. Replacement of the B modes obtained using
the baseline Wiener filter with those determined using
the χB estimator causes a shift of 0.2σ. Our standard
B-mode estimate incorporates a mask to exclude bright
point sources, while the χB estimate does not. The good
agreement between them indicates the insensitivity of po-
larization lensing measurements to point-source contam-
ination. If we change the scan direction cut from lx<400
to 200 or 600, the measured amplitude shifts are less
than 1.2σ, consistent with the root-mean-squared (RMS)
shifts seen in simulations. If we repeat the analysis with-
out correcting for I → Q,U leakage, the measured ampli-
tude shifts by less than 0.1σ. A similar shift is found if
we rotate the map polarization vectors by one degree to
mimic an error in the average PSB angle.
We have produced estimates of Bˆlens using alterna-
tive estimators of E. When we replace the E modes
measured at 150GHz with those measured at 95GHz,
we measure an amplitude Aˆ = 1.225± 0.164, indicating
Figure 3. The recent detection of the weak B-mode (curl-like) polarization signal from CMB lensing [57],
made possible via a cross-correlation-b sed method. he green, orange, and black error bars present the
observed cross-correlation between a predicted-polarization map based on a combination of the E-mode
(gradient-like) polarization and the B-mode of the polarization, with color code representing the method
used for measurement, in bins of multipole number l. The dashed line indicates the expected signal for
the fiducial dark energy model adopted; the grey error bars show the result of a successful null test of the
method. Even though it is ∼ 100× weaker than the E-mode lensing effect previously detected, the B-mode
lensing effect is detected here at 7.7σ significance by taking advantage of cross-correlation techniques.
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Figure 4. Projected fractional constraints of two cosmological parameters (the Hubble constant h and
dark energy equation of state w) from lensing in the Dark Energy Survey (5000 square degrees) and an
overlapping CMB lensing survey that covers 1000 square degrees and has noise of 2.5 µK-arcmin. All sets
of curves include priors from Planck and marginalize over other cosmological and nuisance parameters. The
constraints are shown as a function of the maximum multipole moment (smallest scale) that will be used in
the analysis (lmax in the range of 1000− 3000 is often assumed). Dashed curves shows the constraints if the
two surveys did not overlap and solid if they do overlap (in which case cross-correlation information may be
utilized). Adapted from [59].
Community Planning Study: Snowmass 2013
5 Data from Other Wavelengths 15
5.2 Early Dark Energy via the CMB
Further synergies exist between data sets, e.g. from ground and space or at different wavelengths, beyond
formal cross-correlations. We briefly mention some examples, focusing on the impact on cosmological
parameter estimation.
A combination of all sky, space-based and high resolution, low noise ground-based CMB measurements
provide leverage on early dark energy, for example. A number of models, particularly high energy physics
models with early attractor solutions, allow for dark energy at a low level (but millions of times higher than
in quintessence theories) during the early universe. Such persistence can be one of the key properties for
exploration of the origin of dark energy.
Focusing on the Doran-Robbers model [60], the dark energy density
Ωde(a) =
1− Ωm − Ωe(1− a−3w0)
1− Ωm(1− a3w0) + Ωe(1− a
−3w0) , (6)
containing two new parameters: the early dark energy density Ωe and the present dark energy equation of
state w0. At late times (z < 2) distances in this model can be mimicked by standard dark energy with a
time varying equation of state, wa = 5Ωe, so 0.5% early dark energy acts like wa = 0.025, indistinguishable
by late time experiments. CMB measurements can break this degeneracy.
We can project constraints on the two dark energy parameters, together with the standard six vanilla
parameters and the sum of neutrino masses mν . Fiducial values of the new parameters are taken as
Ωe = 0.009, w0 = −0.97, mν = 0.1 eV. The projected data includes Planck and ground based CMB
data. Systematics are treated by imposing a high multipole cutoff of lmax = 3000 on both temperature
and polarization.
Case 105ωb 10
4ωc mν(meV) Ωm 10
3τ 103ns σ8 w0 Ωe
Planck 13.0 15.2 165 0.0534 4.32 3.36 0.0552 0.214 0.00455
Pl+4000 6.75 10.8 110 0.0445 3.75 2.56 0.0459 0.177 0.00319
Pl+10000 5.13 9.22 90 0.0378 3.24 2.26 0.0390 0.151 0.00258
Pl+15000 4.46 8.38 80 0.0341 2.94 2.09 0.0352 0.137 0.00229
Pl+10k@1µK-arcmin 3.77 8.58 80 0.0332 3.19 2.17 0.0348 0.133 0.00228
Pl+10k, lPmax = 5000 4.46 8.73 86 0.0332 3.23 2.21 0.0347 0.133 0.00247
Gain 2.53 1.65 1.83 1.41 1.33 1.49 1.42 1.42 1.76
Table 0-1. 1σ constraints from future CMB experiments on cosmological parameters, including neutrino
mass and early dark energy. Gain shows the improvement factor when adding 10000 deg2 of high resolution,
low noise ground based data to Planck.
Table 0-1 shows the projected cosmological constraints in the early dark energy plus neutrino mass model
for Planck and several future experiments. Planck full temperature and polarization data in the future can
achieve a 68% CL constraint on Ωe of 0.45%, when also marginalizing over the other cosmological parameters,
the sum of neutrino masses, and the present equation of state w0. Adding 10,000 square degrees of high
resolution (1 arcmin), low noise (7 uK-arcmin in polarization) ground based data improves this limit to
0.26%, while simultaneously constraining the sum of neutrino masses to 90 meV (rather than 165 meV
from Planck alone in this model). Note that since both early dark energy and neutrino mass suppress early
growth, constraints on neutrino mass tend to be tighter in non-early dark energy models; thus early dark
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energy models give more conservative bounds. Planck data could also distinguish a low sound speed from
quintessence’s cs = 1 at better than 99% CL [61].
5.3 Multi-wavelength Studies of Galaxy Clusters
Galaxy clusters are perhaps the quintessential example of the value of observing cosmic phenomena at
different wavelengths. Recall that one of the key uses for clusters in dark energy studies is to compare the
abundance above a given mass threshold as a function of redshift with theoretical predictions. The key
uncertainty remains the mass determination, and it is in this regard that multi-wavelength studies become
particularly important.
The three established ways to find galaxy clusters are via the X-ray emission of their hot (> keV) gas; the
signature of inverse Compton scattering on the CMB (the so-called Sunyaev-Zel’dovich (SZ) effect), and by
identifying overdensities of galaxies in optical surveys (see Figure 5). The full exploitation of cluster counts for
cosmological studies requires a multi-wavelength approach. The primary requirements are a wide-area cluster
survey with a well-understood selection function and high-quality mass measurements. Optical observations
play a central role in the assembly of large cluster catalogs and also, uniquely with current instrument (i.e.
before WFIRST-AFTA), in the provision of redshift information and weak gravitational lensing data, one of
the key requirements for robust mass calibration [62]. X-ray observations also play a crucial role, enabling
the construction of cluster catalogs of exquisite purity and completeness and providing unparalleled low-
scatter mass proxy information, which can boost the cosmological constraining power of a survey by a factor
of a few with respect to self calibration alone [63, 64, 65]. Millimeter wavelength observations provide a
third pillar of cluster research, enabling efficient searches for clusters at high redshifts, beyond the reach of
optical surveys [66]. In combination, these complementary measurements offer outstanding opportunities to
advance our understanding of dark energy and fundamental physics.
CMB experiments will enable two new useful sets of information about clusters. First, clusters can be
cross-correlated with the CMB lensing maps mentioned in §5.1 to measure the linear bias of clusters as
tracers of the total matter distribution. Because the cluster bias is a monotonic function of cluster mass,
this measurement also allows one to place constraints on cluster masses, thereby further empowering cluster
abundance studies. The first such detection was recently achieved using a combination of Planck and
SDSS data [67]. The constraint is currently limited by a combination of the depth of the Planck CMB
measurements and the mismatch in the redshift sensitivity of the two data sets, with the SDSS cluster
sample peaking at a relatively low redshift of z ≈ 0.2. Both will be significantly improved using future data
sets, with current generations CMB experiments (e.g., SPTpol, ACTpol) achieving an order of magnitude
deeper measurements and future optical and near infrared cluster catalogs (e.g., DES, HSC, LSST, Euclid,
WFIRST-AFTA) extending to z ∼ 1. Further improvements should be achieved with next generation CMB
experiments.
The second type of cross-correlation analysis is to directly measure the gravitational lensing of the CMB by
clusters. This can be done with either CMB temperature or polarization data, however the best sensitivity
will ultimately be achieved with polarization measurements [68]. Current generation polarization experiments
(e.g., SPTpol, ACTpol) are expected to constrain cluster masses with ∼10% precision for every ∼103 galaxy
clusters. A next-generation Stage 4 CMB experiment would achieve another order of magnitude deeper
CMB data, which may result in making CMB lensing competitive with future optical and near infrared
experiments, depending on the systematics floor reached by LSST, WFIRST-AFTA, and Euclid.
Just as important as the reduced statistical scatter, multi-wavelength data allow for improved control of
systematics, and for critical, non-trivial self-consistency tests that can signal the presence of systematic
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errors. As a simple example, consider cluster centering. In order to derive weak lensing masses, or for
cross correlating galaxy clusters with other samples, one must specify the center of the cluster, which is
difficult to do in optical, but less so in X-rays and/or SZ. Consequently, one can utilize X-ray/SZ data to
characterize the mis-centering distribution in optical samples: optical can given the location of a cluster
along the line of sight, while X-rays/SZ are better at locating the cluster on the sky. Likewise, one could
imagine a cosmological model, and two sets of scaling relations — say optical–mass and SZ–mass — which
simultaneously reproduce the abundance function in the optical, and the abundance function in SZ. One
can then string these scaling relations to predict the optical–SZ scaling relation, and compare that to what
is observed. If there is no agreement, then the model must be ruled out, betraying an error in either the
cosmological model, or either set of scaling relations. Indeed, these type of non-trivial constraints have
already been seen to fail in current samples [69], and have been used to argue for the presence of systematics
in various data sets [70]. As cosmological constraints become increasingly refined, these types of systematics
cross checks are bound to become increasingly important in establishing the robustness of cosmological
constraints from galaxy clusters.
Figure 5. Map of a galaxy cluster [71] using three probes: (i) weak gravitational lensing (blue contours
with labels showing the projected density κ); (ii) hot gas as measured by the Sunyaev-Zel’dovich distortion
of the CMB (white contours with labels giving signal to noise); and (iii) galaxies as observed in three optical
bands (background). Each of these measurements provides complementary information about galaxy clusters
being studied; combining them is key for obtaining robust cosmological results from cluster counts.
By using X-ray and optical observations of galaxy clusters in concert, we can also measure the distance of
clusters directly, independent of redshift allowing the acceleration of the Universe to be traced [72, 73]. The
matter content of the most massive clusters provides a fair sample of the matter content of the Universe. The
ratio of baryonic-to-total mass should match the ratio of cosmological parameters Ωb/Ωm. As the baryonic
mass content of clusters is dominated by the X-ray gas, the X-ray gas fraction, fgas, is an effective cosmological
probe. Simulations show that the fgas parameter should be approximately constant with redshift, yet fgas
also depends on the assumed distance to the clusters. Therefore, measurements of fgas allow the distances
of clusters to be inferred, as illustrated in Figure 6.
Unlike growth measurements, which must be carried out with complete cluster samples, with distance
measurements one is free to ’cherry-pick’ the best targets (the most luminous and dynamically relaxed
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Figure 6. Recent un-blinded, initial cosmology results from cluster distance measurements (Mantz et al.,
in preparation). Panels show the joint 68.3% and 95.4% confidence constraints for (Left) non-flat CDM and
(Right) flat w-CDM (right) models. Red shading shows the confidence regions obtained with cluster data
(fgas). Independent constraints from CMB measurements (blue; from [74]), SN Ia (green; from [75]), and
BAO (brown; from [76]) are also shown. Note the tight constraints on Ωm from clusters, which are largely
independent of the cosmological model assumed.
clusters). Recent progress has been made in the automated selection of relaxed clusters, to maximize the
information to be extracted from existing data archives. Secondly, detailed hydrodynamic simulations have
been utilized to help determine the optimal measurement radii to maximize the cosmological signal and
minimize systematic uncertainties. A third key step has been the incorporation of rigorous weak lensing
mass calibration in the analysis [77]. In this way, a multi-wavelength approach directly addresses the main
systematic uncertainty in the experiment, namely the hydrostatic mass bias arising from non-thermal pressure
support of the X-ray emitting gas.
A second way of using clusters to measure cosmic distances utilizes combined X-ray and mm-wavelength
measurements of cluster pressure profiles [78]. Given an observed SZ signal at mm-wavelengths, combined
with the predicted SZ signal from the X-ray measurements, given the distance dependence of the X-ray
measurements, one can solve for dA. Fortunately, the ideal clusters for this test are the same ones needed
for the fgas test. Although this ”XSZ” test is less sensitive than the fgas experiment, progress is being
made [73]. In particular, upcoming X-ray surveys such as eROSITA [79] will discover thousands of hot,
massive clusters out to high redshift, and the best candidates can be followed up with deep targeted X-ray
and SZ observations.
6 Enabling Joint Analyses
The projects running now and being planned for the coming decade will produce a rich legacy data set
toward the end of the 2020s. Given the current theoretical uncertainly about the true nature of dark energy,
and the multiple systematics that plague dark energy measurements, the joint analysis of data sets across
a wide range of wavelengths, observatories, and techniques will certainly be required to achieve the tightest
possible cosmological constraints. There will be inevitable synergies in data sets. For example:
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1. Spectroscopic redshifts from DESI, Euclid, PFS, and WFIRST-AFTA as well as thirty meter class
telescopes will be used to calibrate photometric redshifts for LSST, Euclid, and WFIRST-AFTA..
2. The best possible photometric redshifts will come from combining deep ground based photometry in the
optical from LSST and near-infrared data from space missions including WFIRST-AFTA and Euclid.
3. The calibration of weak lensing shapes will benefit from cross-correlating deep ground based images
(LSST) and higher resolution images taken with the stable point spread function only available in
space (Euclid and WFIRST-AFTA).
4. Many systematic effects can best be mitigated by comparing multiple measurements. For example,
imaging will be performed with some combination of CCDs and near infrared detectors. Each type
of detector has different non-idealities that affect photometry and galaxy shape measurement. Cross
comparison of Euclid, LSST, and WFIRST-AFTA galaxy shapes and photometry will provide the
highest precision measurements of those quantities.
At each stage, the tightest constraints on dark energy come from careful joint analyses of all extant, relevant
data sets. Joint analyses that use “catalog level” data from each experiment are relatively straightforward,
but the data reduction and analysis procedures that are optimized for the internal use of a single data set may
not provide the optimal images, spectra and catalogs for such a joint analysis. For some purposes therefore,
it may be necessary to process images and spectra from raw data in a way that optimizes the accuracy of
shape and redshift information for each galaxy. For example, when calculating photometric redshifts using
a combination of ground and space-based data, apertures might be used that would not be the optimal
apertures for either data set alone. Optimal joint analysis requires careful thought and preparation. This
will also require cooperation among different consortia and government agencies. We urge the consortia and
agencies to begin planning for these activities now, since building these capabilities into the various pipelines
from the start may be cheaper and more efficient then adding them after the fact. We propose a few ideas
that would enable the best possible use of the rich and varied data sets enabled by the projects discussed
here:
1. All data sets should eventually be available to all members of the international astronomy and physics
community. Joint analyses will likely be an international effort. While many experiments will neces-
sarily have a proprietary period for their data, these periods should be limited and every effort should
be made to serve the data to the public after the proprietary period.
2. Care must be taken to make sure the data being served to the public is served in a useful fashion.
There is a large difference between data that is available and data that is useful. Proper tools must be
provided for the access, querying, and downloading of calibrated images and spectra as well as properly
documented catalogs and derived data products. Consortia and agencies should make sure to budget
for the user support needed to enable the joint analyses discussed here.
3. Given the large volume of data that will be produced by future missions and surveys, careful thought
must be given about how to disseminate images and catalogs. End users across the world will need to
access and analyze the data. Care must be taken to ensure proper bandwidth. Likewise, data products
should be optimized to minimize what needs to be transferred. This will require carefully planning as
well as diligence in describing the provenance of data products.
4. The consortia that build, operate, and analyze the data from each survey, mission, or telescope will be
the experts on that particular data set. Agencies should begin to think about how to fund and organize
the analysis of data products from multiple experiments and countries that preserves the knowledge of
the original consortia and incorporates that knowledge into subsequent data reduction and analyses.
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Given that some of the relevant experiments are already underway, the time is ripe for consortia and agencies
to consider the optimal steps to ensure access to disparate data sets and the usefulness of data products for
complete but necessary joint reduction and analyses. The SDSS database, the Mikulski Archive for Space
Telescopes (MAST), and the Infrared Science Archive (IRSA) provide valuable experience to draw from,
demonstrating both the large effort required to produce a powerful and well documented database and the
enormous benefit that comes from doing so.
7 Conclusions
In this white paper, we have presented a wide variety of ways in which information from multiple probes
of dark energy may be combined to obtain additional information not accessible when they are considered
separately. Methods based upon cross-correlation statistics have great power to break degeneracies and test
for systematics; however, their potential is only beginning to be realized. By bringing in information from
other wavelengths, the capabilities of the existing probes of dark energy can be enhanced and systematic
effects can be mitigated further. Given the scope of future dark energy experiments, the greatest gains may
only be realized with more coordination and cooperation between multiple project teams; we recommend
that this interchange should begin sooner, rather than later, to maximize scientific gains.
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